ABSTRACT: Photosynthesis-irradiance (P-E) relationships and in situ measurements of primary production for 2 phytoplankton size fractions (> 2 µm and 0.2 to 2 µm) were used to evaluate variability in photophysiology over a 5 yr period (2004 to 2009) in the North Pacific Subtropical Gyre (NPSG). Picophytoplankton (0.2 to 2 µm) were dominant contributors to euphotic zone chlorophyll a (chl a) concentrations (averaging 91 ± 2% [mean ± SD] of the 0 to 125 m depth-integrated inventories) and accounted for a major fraction (averaging 74 ± 7%) of the in situ, depth-integrated, 14 Cbased primary production. Short-term in vitro P-E experiments were conducted to examine the photophysiology of both phytoplankton size classes. Results from these experiments demonstrated that in the well-lit ocean (0 to 45 m) chl a normalized maximum rates of photosynthesis, P chl max , were significantly greater among the larger phytoplankton size class than in the smaller size fraction (1-way ANOVA, p < 0.01), while in the dimly lit region (125 m) there were no significant sizedependent differences in P chl max (1-way ANOVA, p > 0.05). Neither the initial slope of the P-E relationships, α, nor the light intensities required to saturate photosynthesis, E k , varied significantly between the 2 size fractions. Although larger phytoplankton appear to constitute a relatively small fraction of phytoplankton biomass and production in this ecosystem, the photophysiological responses of plankton in this size class demonstrated considerable variability, suggesting these larger size phytoplankton experience time-variable changes in growth despite persistently oligotrophic habitat conditions. KEY WORDS: Photosynthesis · Photophysiology · Phytoplankton · Primary production· North Pacific · Oligotrophic
INTRODUCTION
Organic matter production by photosynthetic plankton constitutes a major control on the cycling of elements in the sea. Marine primary productivity accounts for nearly half of net global carbon fixation, and a major fraction of this productivity occurs in the low nutrient waters of the subtropical ocean gyres (Longhurst et al. 1995 , Field et al. 1998 , Behrenfeld et al. 2005 . As a result, understanding the processes controlling the physiologies of photosynthetic plankton in oligotrophic gyres is critical to our understanding of the global carbon cycle.
The spatial and temporal patterns of primary production and the photophysiology of ocean phytoplankton have been intensively investigated (e.g. Platt et al. 1982 , Sakshaug & Holm-Hansen 1986 , Cullen et al. 1992 , MacIntyre et al. 2002 , Strzepek & Harrison 2004 , Falkowski & Raven 2007 . Such studies reveal that variations in phytoplankton physiology are reflected in characteristic patterns in the photosynthetic response to irradiance (Jassby & Platt 1976 , Falkowski & Owens 1980 ). Photosynthesis-irradiance (P-E) relationships demonstrate several well-defined characteristics, which are typically described by using hyperbolic or negative exponential models (Jassby & Platt 1976 . Various photophysiological parameters can be derived from such relationships, including the maximum rate of carbon fixation (termed P max ), the initial slope (termed α) of the P-E response, which provides a measure of light harvesting efficiency by photosynthesis, the susceptibility of photosynthesis to inhibition at elevated light flux (termed β) and the irradiance required to saturate photosynthesis (termed E k ). When used in P-E relationships, rates of photosynthesis are frequently normalized to concentrations of chlorophyll a (chl a), where the resulting normalized maximum photosynthetic rate is termed P chl max . When combined with information on temperaturedependent phytoplankton growth (Eppley 1972) , P-E derived parameters can be incorporated into biooptical models and used to estimate areal rates of primary production from remotely sensed determinations of phytoplankton pigments, temperature and light (Bidigare et al. 1992 , Platt & Sathyendranath 1993 , Behrenfeld & Falkowski 1997 . Moreover, analyses of the P-E derived behavior provides information on the photophysiological flexibility of phytoplankton in specific environments and can yield insight into controls underlying time and space variability in primary production (e.g. , Cullen 1990 , Ondrusek et al. 2001 , Goebel & Kremer 2007 , McAndrew et al. 2008 , Isada et al. 2009 . Most in situ studies aimed at characterizing rates of primary production and photosynthetic physiology are based on analyses of bulk phytoplankton metabolism and thus do not resolve the physiological variability that underpins rates of productivity. In this context, resolving how distinct phytoplankton size fractions contribute to inorganic carbon fixation and the photophysiological behaviors of different phytoplankton size fractions may be useful for understanding processes controlling production in the marine environment.
The North Pacific Subtropical Gyre (NPSG) is the largest anticyclonic circulation feature on Earth (Sverdrup et al. 1946 ) and forms the primary study region for the Hawaii Ocean Time-series (HOT) program. More than 22 yr of observations at Station ALOHA (22°45' N, 158°00' W), the field site for the HOT program, indicate moderate but consistent seasonal variations in environmental forcing, including properties that influence phytoplankton growth. For example, photosynthetically active radiation (PAR) at the surface varies approximately 2-fold seasonally, upper ocean temperatures fluctuate between 23 and 27°C and weak to moderate wintertime mixing combined with shoaling of the nutricline seasonally entrains nutrients into the euphotic zone , Letelier et al. 2004 , Church et al. 2009 ). Several studies have examined seasonal to interannual scale changes in phytoplankton biomass and productivity in the NPSG and concluded that variability in phytoplankton community structure forms an important control on net production and carbon export in this ecosystem (Letelier et al. 1993 , Winn et al. 1995 , Dore et al. 2008 . Moreover, a bio-optical model based on measured P-E relationships at Station ALOHA concluded that the model's ability to predict euphotic zone productivity could be improved through better understanding of how shifts in the phytoplankton community influence the measured photophysiological responses (Ondrusek et al. 2001 ). Fast-repetition-rate fluorometry (FRRF) has been used to characterize photosynthetic processes at Station ALOHA (Corno et al. 2008) , and results from that study suggested that the dynamics underlying time−space variability in plankton photophysiology were sensitive to changes in plankton community structure.
These past studies on the photosynthetic characteristics of the phytoplankton community in the NPSG, which used different methods, suggest that changes in phytoplankton community structure play an important role in driving variability in eco system production. Picophytoplankton (0.2 to 2 µm), including cyanobacteria such as Prochlorococcus and Synechococcus, are dominant components of upper ocean plankton biomass in the NPSG (Campbell & Vaulot 1993 , Letelier et al. 1993 , Andersen et al. 1996 ; however, the contributions of larger phytoplankton, including filamentous and colonial cyanobacteria and protists, appear to contribute to regularly occurring bloom events observed in this region (White et al. 2007 , Dore et al. 2008 , Fong et al. 2008 , Church et al. 2009 ). These previous studies emphasize that changes in plankton composition in the NPSG are often ac companied by shifts in phytoplankton size structure. The present study sought to examine the temporal and vertical variation in photophysiological parameters (i.e. P chl max , E k and α) of size-fractionated phytoplankton at Station ALOHA. Our goal was to assess time and depth variability underlying the photophysiology and productivity of different size-separated groups of phytoplankton in the NPSG.
MATERIALS AND METHODS
Chl a and in situ measurements of 14 
C-bicarbonate assimilation
Seawater samples for determinations of size partitioning of chl a concentrations and rates of 14 C-bicarbonate assimilation were collected from 6 discrete depths in the upper ocean (5, 25, 45, 75, 100 and 125 m) at Station ALOHA during near-monthly HOT program cruises between October 2004 and December 2009. Predawn samples were collected with a vertically profiling CTD rosette sampler equipped with twenty-four 10 l PVC bottles.
In the initial 3 yr of this study (October 2004 to October 2007 , seawater for determinations of chl a concentrations was subsampled into 1 l amber polyethylene bottles; the entire volume was sequentially filtered by positive pressure through in-line, 25 mm diameter, 10 and 2 µm pore size, polycarbonate filters. The 2 µm filtrate was collected and 150 ml of this filtrate was vacuum-filtered onto 25 mm diameter, 0.2 µm pore size, polycarbonate filters. Filters were placed in 7 ml of 100% HPLC grade acetone and extracted in the dark at −20°C for 7 d . Concentrations of chl a in the acetone extracts were determined fluorometrically by using a Turner Designs Model 10-AU fluorometer. In the second phase of this study (October 2007 to December 2009 , coinciding with the period when P-E experiments were conducted, chl a concentrations were determined from plankton concentrated onto 25 mm diameter, 2 and 0.2 µm pore size, polycarbonate filters. For these measurements, 150 ml of seawater was vacuum filtered onto both 2 and 0.2 µm pore size polycarbonate filters and concentrations of chl a were determined fluorometrically. The chl a concentrations in the 0.2 to 2 µm size fraction were calculated by subtracting the > 2 µm chl a from the > 0.2 µm chl a. Comparison of these 2 procedures for size-fractionating chl a samples revealed that the latter approach resulted in concentrations of chl a in the > 2 µm size fraction that were ~15% greater than separation of chl a based on the sequential fractionation approach (data not shown). Chlorophyll (chl) concentrations from 3 (of 230 total) size-fractionated samples fell below the detection limit (0.01 µg chl l −1 , defined as 3 times the SD of replicate blank determinations) and hence were excluded from further analyses.
Rates of 14 C-bicarbonate assimilation were determined from seawater samples collected from the same predawn CTD casts described above. Water was subsampled under subdued light from the CTD rosette bottle into 3 replicate, 500 ml polycarbonate bottles, and the bottles were transferred to a shipboard laboratory van where they were inoculated with approximately 0.05 mCi of NaH 14 CO 3 . Samples were incubated over the full daylight period on a surface-tethered, in situ array . At the end of the incubation period, 250 µl aliquots from each sample were placed in 20 ml glass scintillation vials containing 500 µl β-phenylethylamine to determine the total 14 C activity in each sample. During the initial period of this study (October 2004 to October 2007 , triplicate 500 ml bottles were vacuum-filtered through sequential, 25 mm diameter, 10 µm pore size, polycarbonate filters followed by 25 mm diameter, 2.0 µm pore size, polycarbonate filters. The < 2 µm filtrates were retained, and 250 ml of each filtrate was then filtered onto 25 mm diameter, 0.2 µm pore size filters. All filters were stored frozen in 20 ml borosilicate scintillation vials until processed. In the shore-based laboratory, 1 ml of 1 M HCl was added to each filter to remove adsorbed 14 C-bicarbonate. After 24 h, 10 ml of Ultima Gold scintillation cocktail was added to the scintillation vials and the 14 C activity was determined by means of liquid scintillation counting (Packard TRI-Carb 4640).
Size-fractionated P-E experiments
P-E experiments were conducted on 14 HOT cruises to Station ALOHA between October 2007 and December 2009. Water samples for P-E experiments were collected from 4 depths (25, 45, 75 and 125 m) in the euphotic zone. Water was subsampled from the CTD rosette bottles into light-shielded, 1 l polycarbonate bottles. Approximately 0.3 mCi of 14 Cbicarbonate was added to 500 ml subsamples of seawater, and 250 µl aliquots were removed and placed into 20 ml glass scintillation vials containing 500 µl β-phenylethylamine for determination of the total 14 C activity added to each sample. Twenty-four separate aliquots (15 ml each) of the radiolabeled seawater were transferred to 20 ml borosilicate vials, and these vials were then incubated at in situ temperatures for 2 h at irradiances varying between 8 and 2049 µmol quanta m −2 s −1 in a photosynthetron apparatus (Lewis & Smith 1983) . The light intensity of each sampling well was measured with a scalar irradiance meter (Biospherical QSL2101). To terminate the incubations, samples were sequentially filtered onto 25 mm diameter, 2 and 0.2 µm pore sized, polycarbonate filters by means of a 12 place vacuum filtration system (Millipore). The 2 µm filtrates were collected into 15 ml conical centrifuge tubes and filtered onto 0.2 µm polycarbonate filters. Filters were stored frozen in 20 ml borosilicate scintillation vials and processed as described above.
Carbon fixation rates for each sample were calculated as: (Steeman-Nielsen 1952) . Hourly rates of production were calculated by dividing the daily rates of production by the daylight period of incubation.
Upper ocean habitat characteristics
Incident solar irradiance (400 to 700 nm) was measured on each HOT cruise with a LI-COR LI-1000 cosine collector and data logger. In addition, daily vertical profiles of downwelling PAR were conducted at approximately noon on each HOT cruise with a profiling reflectance radiometer (PRR; Wetlabs). High-sensitivity measurements of nitrate plus nitrite (N+N) and soluble reactive phosphorus (SRP) were determined as described by and Karl & Tien (1992) , respectively.
Data analysis
The measured rates of 14 C-bicarbonate assimilation were used to construct P-E relationships, and the photosynthetic parameters were computed by using the negative exponential formulation described in Platt et al. (1980) as follows:
where P is the photosynthetic carbon fixation rate, P s is the maximum rate of photosynthesis without photoinhibition, α is the initial slope, E is the light flux, and β is the rate of photoinhibition. The maximum rates of 14 C-bicarbonate assimilation normalized to concentrations of chl a, P chl max , were calculated as: . The same P-E curve fitting routine was used to estimate P opt and P chl opt , terms used to describe optimal rates of photosynthesis (and chlorophyll normalized rates) from the measured vertical profiles of in situ primary productivity. Finally, E k , the irradiance required to saturate carbon fixation, an index of photoacclimation, was computed as:
Uncertainties associated with the P-E curve-fitting routine were determined and propagated through the subsequent derivations of the P-E parameters (Meyer 1975) as follows:
and
Error propagations for P opt followed the same procedures as P max . Statistical comparisons of photosynthetic parameters between size fractions and among different depths were evaluated with 1-way ANOVA. Relationships between the derived photosynthetic parameters and various environmental properties (temperature, light, nutrients) were examined based on least-squares linear regression analyses.
RESULTS

Variability in mixing and light
The depth of the upper ocean mixed layer (based on the 0.125 unit change in potential density during this study from the surface ocean, Levitus 1982) varied between 16 and 124 m, with the upper ocean being most stratified during warm summer months (mixed layer depths between May and October aver- ) in the dimly lit region of the lower euphotic zone (125 m, Table 1 ). Downwelling irradiance was generally ~2-fold higher in summer months compared with the winter at each of the discrete depths (Table 1 ). The median light levels at the depths where primary production and chl a concentrations were measured (5, 25, 45, 75, 100 and 125 m) were 79, 30, 12, 3.2, 1.0 and 0.3%, relative to the surface PAR, respectively. N+N concentrations throughout the upper 75 m did not demonstrate clear differences between the summer and winter (Table 1) ; however, throughout the dimly lit region of the euphotic zone, N+N concentrations increased (on average by 4-to 5-fold) in the winter months compared with the summer.
Size-fractionated chl a and in situ
14
C-bicarbonate assimilation
Throughout this study, chl a concentrations in the 0.2 to 2 µm size fraction consistently exceeded concentrations measured in the > 2 µm size class (calculated as the sum of 2 to 10 µm and >10 µm chl a). , werẽ 2-fold greater than concentrations measured in the upper ocean (0 to 45 m, Fig. 1A) .
Concentrations of chl a in the > 2 µm size class were less variable with depth than concentrations measured in the 0.2 to 2 µm size class. On average, concentrations in the > 2 µm size class increased 1.2-fold into the lower euphotic zone relative to concentrations measured in the well-lit upper ocean (Fig. 1A) , while concentrations of chl a in the 0.2 to 2 µm plankton size classes increased by ~2-fold in the lower euphotic zone relative to the well-lit upper ocean (Fig. 1A) . The resulting depth-integrated (0 to 125 m) chl a concentrations in the 0.2 to 2 µm size fraction were 7 to 18 times greater than chl a inventories measured in the > 2 µm size fraction ( Fig. 2A) , and the 0.2 to 2 µm size fraction accounted for 91% (± 2%) of the total depth integrated (0 to 125 m) chl a.
Vertical profiles of 14 C-bicarbonate assimilation by the > 2 µm and 0.2 to 2 µm plankton size classes demonstrated dominance of carbon fixation by the smaller phytoplankton size classes at all depths examined (Fig. 1B) bonate assimilation to size-fractionated concentrations of chl a (P chl ) revealed that P chl in the > 2 µm size class always exceeded P chl derived from the 0.2 to 2 µm size class (Fig. 1C) . Depth-integrated (0 to 125 m) rates of , and were 1.1-to 5.5-fold greater than in the > 2 µm size fraction (Fig. 2B) , with the 0.2 to 2 µm fraction accounting for 74% (± 7%) of the average 14 C-bicarbonate assimilation in the euphotic zone. In contrast, rates of P chl (depth-integrated primary production normalized by depth-integrated chl a) in the > 2 µm size class were 1.7-to 9-fold greater than P chl derived from the 0.2 to 2 µm size class (Fig. 2C) .
Rates of 14 C-bicarbonate assimilation by both phytoplankton size classes were consistently greatest in the well-lit upper ocean. Measurements of downwelling irradiance and the size-fractionated rates of in situ 14 C-bicarbonate assimilation were fitted to the Platt et al. (1980) model describing photosynthesis as a function of irradiance (Fig 1B) . The resulting relationships suggested that variation in the downwelling light field explained 52 to 57% and 55 to 67% of the variability associated with primary production and P chl for the 0.2 to 2 µm and > 2 µm size classes, respectively. Further, these analyses indicated that, on average, P opt and α in the 0.2 to 2 µm size fraction were greater than those observed in the > 2 µm size fraction (Fig. 1B) , but the irradiance required to saturate in situ productivity was lower in the 0.2 to 2 µm size fraction ( ). After normalization to concentrations of chl a, the in situ P chl opt and α were 3-to 4-fold greater in the > 2 µm size fraction than in the 0.2 to 2 µm size fraction (Fig. 1C) . In contrast, the derived values of E k from the in situ production rates were similar for the 0.2 to 2 µm and > 2 µm size fractions (3.4 ± 0.7 and 3.8 ± 0.5 mol quanta m
, respectively).
Temporal and vertical variability of P-E derived parameters
A total of 88 individual P-E curves were conducted and analyzed as part of this study. The Platt et al. (1980) model described 35 to 96% of the variance in 71 of these relationships ( Fig. 3 ; r 2 = 0.35 to 0.96, p < 0.01). Results from the remaining 17 experiments did not demonstrate statistically significant relationships when fitted to the Platt et al. (1980) model (p > 0.01) and thus were excluded from further analyses. In general, the P-E relationships demonstrated several consistent patterns: (1) rates of 14 C-bicarbonate assimilation were dominated by the 0.2 to 2 µm plankton size fraction at all depths sampled; (2) the α derived from the P-E relationships of both size fractions were greater in those samples collected from the dimly lit region of the lower euphotic zone compared with samples collected in the well-lit upper ocean; (3) the E k was significantly lower in those samples collected from the dimly lit region of the lower euphotic zone for both size fractions; (4) , while none of the samples collected from the well-lit upper ocean demonstrated significant photoinhibition (β ≈ 0; Fig. 3 , Table 2 ).
There were several notable differences in the P-E derived photosynthetic responses among the different phytoplankton size classes, some of which appeared to be depth dependent (Fig. 4) . The P , in the well-lit upper ocean. In comparison, downwelling irradiance in the upper ocean at the depths where chl a and primary production were measured (5, 25 and 45 m) varied ~2-fold during the study period. In the lower regions of the euphotic zone, variability in P chl max in the > 2 µm phytoplankton size class appeared similar to variations in downwelling irradiance (Fig. 4A) .
In addition to these differences in P chl max , on average, α of the 0.2 to 2 µm size class varied significantly with depth with the largest values observed in the dimly lit region of the lower euphotic zone (1-way ANOVA, p < 0.001; Table 2 ). In contrast, although not statistically different (1-way ANOVA, p > 0.05) α in the > 2 µm size class was often greater at deeper depths in the euphotic zone. Temporal and vertical variability in derived values of E k resulted in no significant differences between the 2 phytoplankton size classes at any of the depths sampled (1-way ANOVA, p > 0.05).
Values of E k from both size fractions were significantly lower in the dimly lit region of the lower euphotic zone (125 m), where downwelling irradiance decreased to 0.04 to 0.44 mol quanta m −2 d −1 , compared with E k values derived from the well-lit upper ocean (1-way ANOVA, p < 0.01). In the well-lit upper ocean (0 to 45 m), E k values ranged between 37 and 286 µmol quanta m −2 s −1 for the 0.2 to 2 µm size class, and 37 and 319 µmol quanta m −2 s −1 for the > 2 µm size class. With 2 exceptions, values of E k in both size fractions from the well-lit upper ocean were lower than the measured downwelling irradiance at the depths where samples were collected. The 2 exceptions occurred from samples collected at 45 m depth in December 2008 and December 2009; on both of these sampling occasions the mixed layer depth exceeded 75 m. In contrast, throughout the lower euphotic zone (75 to 125 m), E k ranged between 27 and 262 for the 0.2 to 2 µm size class, and between 25 and 253 for the > 2 µm size class, which was consistently greater than the measured downwelling irradiance at these depths (Fig. 4B) .
Throughout the upper 45 m of the euphotic zone, rates of P chl max derived from the > 2 µm plankton size fractions were more temporally variable than those from the 0.2 to 2 µm size fraction. For example, at 25 m, P chl max for the > 2 µm size fraction varied ~8-fold over the course of this study, while P chl max in the 0.2 to 2 µm plankton size fraction varied ~2-fold (Fig. 5A ). In the lower euphotic zone, temporal variability in P chl max was generally less pronounced than observed in the upper euphotic zone, with P chl max at 125 m varying ~4-and 2-fold, respectively, in the > 2 µm and 0.2 to 2 µm size fractions (Fig. 5B) . In an effort to identify factors influencing the measured and derived photophysiological properties, we examined time-dependent changes in P tion were also related to downwelling irradiance in the lower euphotic zone (r 2 = 0.35, p = 0.006). In contrast, α in the 0.2 to 2 µm size fraction demonstrated dependence on downwelling irradiance and temperature in the lower euphotic zone (r 2 = 0.45, p = 0.003 and r 2 = 0.24, p = 0.045, respectively). Moreover, α in the 0.2 to 2 µm size fraction demonstrated a weak but significant relationship to temperature in the lower euphotic zone. However, in the upper euphotic zone, least-squares linear regression analyses failed to identify statistically significant relationships between the derived P-E parameters and seawater temperature, downwelling PAR or concentrations of nutrients (N+N and SRP) (Model II least-squares linear regression analyses, p > 0.05).
DISCUSSION
By examining temporal and vertical variations in the responses of 14 C-bicarbonate assimilation to variations in irradiance, we sought to identify potential differences in the photophysiological behavior of different size classes of phytoplankton in the oligotrophic NPSG. Such differences could exert an important influence on ecosystem productivity and play roles in driving temporal variations in plankton community structure. The results of this study highlighted several features regarding phytoplankton physiology and photosynthetic carbon fixation in the NPSG. Over a nearly 5 yr period of near-monthly sampling at Station ALOHA, we found that chl a normalized rates of carbon fixation by phytoplankton captured onto 2 µm filters were always greater than the chl a normalized carbon fixation rates measured in the 0.2 to 2 µm size class. In addition, in the well-lit upper ocean the P-E derived maximum rates of photosynthesis, P chl max , were significantly greater for the larger (> 2 µm) phytoplankton size fraction than in the smaller (0.2 to 2 µm) size fraction. Finally, the P-E derived parameters of P chl max , α and E k were highly variable in time, particularly among the > 2 µm size class, suggesting phytoplankton within this size fraction is more sensitive to variations in irradiance than the smaller picophytoplankton.
Our findings that small (0.2 to 2 µm) phytoplankton dominated concentrations of chl a and rates of carbon fixation at Station ALOHA are consistent with previous investigations in this ecosystem (Campbell & Vaulot 1993 , Letelier et al. 1993 , Andersen et al. 1996 , Campbell et al. 1997 ). On average, we found that picophytoplankton contributed ~90% to the 0 to 125 m chl a standing stocks at Station ALOHA; however, contributions to photosynthesis by these smaller phytoplankton averaged ~70%. Thus, while our study confirmed that smaller phytoplankton (0.2 to 2 µm) consistently dominate carbon fixation in this ecosystem, size fractionation of in situ rates of 14 Cbicarbonate assimilation and the P-E derived estimates of P chl max both indicate that throughout the high-light, nutrient-poor, upper ocean waters, on a per unit chl a basis, the relatively rare larger phytoplankton (> 2 µm) appear more efficient at carbon fixation than more dominant, smaller-celled organisms.
The in situ rates of 14 C-bicarbonate assimilation and P chl values for both plankton size fractions demonstrated dependence on temporal and vertical variability in downwelling PAR. By fitting these observations to the Platt et al. (1980) . A similar analysis, which used the HOT in situ 14 C-bicarbonate assimilation rates derived from samples filtered onto glass fiber filters (nominal pore size, 0.7 µm), revealed that the in situ P chl opt during our study period (2004 to 2009) was 5.8 ± 0.2 mg C (mg chl) -1 h −1 (data not shown). Letelier et al. (1996) reported P chl opt values from plankton captured on glass fiber filters ranged between 4.2 and 9.5 mg C (mg chl) -1 h −1 at Station ALOHA. Such results suggest that changes in phytoplankton size structure affect P chl opt of the bulk community.
Previous investigations of phytoplankton size structure and productivity in other oceanic systems also indicate the dominance of picophytoplankton (0.2 to 2 µm) both in terms of biomass and primary production (Li et al. 1983 , Magazzu & Decembrini 1995 , Buck et al. 1996 , Gasol et al. 1997 , Marañón et al. 2001 , Ignatiades et al. 2002 , Fernandez et al. 2003 , Teira et al. 2005 , Poulton et al. 2006 . Several studies in the tropical and subtropical Atlantic Ocean have reported that the relative contribution of large (> 2 µm) phytoplankton to chl a was less than their contribution to primary production, implying the P chl were significantly greater in the > 2 µm size phytoplankton than in the < 2 µm picoplankton (Marañón et al. 2001 , Fernandez et al. 2003 , Poulton et al. 2006 . Consistent with these reports from other regions, our study in the oligotrophic NPSG revealed elevated rates of P chl in the > 2 µm size phytoplankton, which suggests larger cells in this habitat are more photosynthetically efficient (on a per unit chl a basis) in carbon fixation than picophytoplankton.
Analyses of size-fractionated P-E responses yielded information on time and space variability in euphotic zone photosynthesis and highlighted differences in the photosynthetic behavior of the 2 phytoplankton size fractions examined. For example, consistent with previous studies (Ondrusek et al. 2001 , Church et al. 2004 , comparison of the P-E derived estimates of E k relative to measured downwelling irradiance indicated that rates of photosynthesis were light saturated throughout the well-lit upper ocean, where PAR flux varied between 128 and 562 µmol quanta m −2 s −1
. In this light-saturated region of the upper euphotic zone, P chl max by the larger phytoplankton size fraction were significantly greater than those observed among the smaller size fraction. In addition, the relatively high temporal variability observed in α suggests that although these larger phytoplankton comprise a relatively small portion of the total biomass of the NPSG, members of this larger size class appear capable of rapid photophysiological acclimation.
Based on information on the intracellular turnover of chl a, Falkowski (1981) . In our study, P chl max values ranged between 0.9 and 4.6 mg C (mg chl) -1 h −1 for the 0.2 to 2 µm size fraction and between 1.2 and 14.2 mg C (mg chl) -1 h −1 in the > 2 µm size fraction. Several previous studies conducted in regions of the oligotrophic ocean have argued that relatively low rates of P chl max were a consequence of nutrient-limited plankton growth (Platt et al. 1992 , Hood 1995 , Marañón & Holligan 1999 . Marañón & Holligan (1999) examined the P-E parameters in the surface waters of the North Atlantic Subtropical Gyre and found that P . Those authors observed much greater P chl max values in more nutrient-enriched temperate waters and within upwelling regions in the Atlantic Ocean, which suggests nutrient availability plays an important role in controlling variability in P chl max . Our findings would be consistent with the hypothesis that larger phytoplankton in the NPSG are capable of more rapid growth than the abundant picophytoplankton, but that the biomass and productivity of these larger cells are restricted by the availability of nutrients and possibly grazing.
It is important to note that the relatively small sample volumes (15 ml) used for P-E studies probably results in underrepresentation of less abundant, larger phytoplankton cells and colonies such as chainforming diatoms and Trichodesmium that are known to be important components of the NPSG plankton community. Undersampling of these organisms could contribute to the relatively high variability observed in the photophysiological parameters. Moreover, our separation of chl a and rates of production on the basis of cell size probably reflects the contributions of many different phytoplankton taxonomic groups, so the resulting temporal variability in P-E parameters could reflect compositional changes in phytoplankton community structure within each size fraction rather than physiological changes in any one group.
In addition, several other important caveats need to be considered when using chl a normalized rates of production as proxies for understanding phytoplankton physiology and growth. We did not attempt to constrain variations in phytoplankton C:chl a ratios as part of this study; however, laboratory studies suggest C:chl a ratios can vary more than 10-fold, and changes in this ratio are attributable to various environmental factors that influence phytoplankton life histories, including light, nutrient concentrations and temperature (Goldman 1980 , Geider 1987 , Geider et al. 1997 , MacIntyre et al. 2002 . At Station ALOHA vertical profiles indicate chl a concentrations are gen erally elevated in the lower regions of the euphotic zone; however, this condition appears to derive from increased chl a per cell in this low-light region of the water rather than increases in plankton biomass (Campbell & Vaulot 1993 , Campbell et al. 1997 , Karl et al. 2002 . Our own examination of HOT program, flow cytometrically derived picoplankton abundances (data not shown) indicated that abundances of Prochlorococcus and Synechococcus often peak in the upper euphotic zone rather than at the depths where chlorophyll concentrations are elevated. Similarly, seasonal changes in light can alter chl a without concomitant changes in biomass; Winn et al. (1995) found that the fluorescence per unit cell of Prochlorococcus populations dwelling in the upper euphotic zone at Station ALOHA varied 2-fold between winter and summer.
When normalized to chl a, larger cells appeared to be more productive than smaller cells, which could also reflect uncertainties associated with the use of the 14 C-methodology to measure carbon fixation. In ecosystems where microbial food webs impose tight coupling on growth and removal of picoplanktonic cells, turnover of photosynthetically fixed carbon by small cells would be expected to be rapid, thereby complicating whether the measurement provides an estimate closer to gross or net production (Smith et al. 1984 , Williams & Lefèvre 1996 . Further, if picophytoplankton growth results in a larger fraction of photosynthetically fixed carbon passing to the dissolved organic carbon pool compared with larger cells (Bjørnsen 1988) , filtration-based approaches would underestimate carbon fixation by these small cells. In addition, if small cells demonstrate greater per cell rates of respiration than observed in larger cells (Laws 1975 , Banse 1976 , Tang & Peters 1995 , the 14 C methodology used in the present study might more closely approximate net photosynthesis for these smaller cells, but approach gross photosynthesis by the larger phytoplankton.
Comparison of our P-E derived values of E k to measured downwelling PAR in the lower euphotic zone indicated that the photosynthetic production by both phytoplankton size fractions was light limited when PAR fluxes were less than ~3 mol quanta m −2 d −1
. At these subsaturating light intensities, rates of carbon fixation by both size fractions demonstrated a near linear response to changes in irradiance. Moreover, the slope of this response (α) was comparable between both size fractions. In the dimly lit region of the lower euphotic zone, both P chl max and E k of the larger size fraction were significantly lower than observed in the well-lit regions of the euphotic zone. Such results are consistent with physiological acclimations to growth at low irradiance (MacIntyre et al. 2002) , whereby phytoplankton can increase the size of the light-harvesting antennae and/or increase the number of photosynthetic reaction centers (Falkowski & Owens 1980 , Dubinsky et al. 1986 . Laboratory studies indicate that variability in the electron turnover rate of the photosynthetic unit (PSU) partly controls P chl max and E k (Moore et al. 2006) , with the number of photo synthetic reaction centers inversely related to the electron turnover rate of the PSU (Sukenik et al. 1987) . As a result, the observed decrease in P chl max and E k in the lower euphotic zone in the present study may reflect acclimation through changes to the number of reaction centers, rather than increases in the size of the light harvesting antennae.
We also used linear regression analyses in an attempt to identify prominent environmental factors influencing photosynthesis at Station ALOHA. These analyses revealed that E k in the lower euphotic zone was significantly correlated with downwelling irradiance, suggesting that these light-limited cells react rapidly to in situ changes in irradiance. However, our results also indicate that the 2 size-fractions of phytoplankton appear to have different strategies of photoacclimation. In the larger size fraction, P chl max was significantly correlated with downwelling irradiance while α was not significantly correlated with downwelling irradiance, suggesting that the larger phytoplankton adjust the turnover rate of photosynthetic electron transport instead of varying the functional absorption cross-section of photosystem II (σ PSII ) during photoacclimation (Falkowski & Raven 2007) . In contrast, α in the smaller size fraction was significantly correlated with downwelling irradiance while no significant correlation was found between P chl max and downwelling irradiance; such results may indicate that picophytoplankton are better able to adjust σ PSII in response to changes in irradiance. Our results indicated that the initial slope α in the < 2 µm size class displays significant vertical variations, while α of the > 2 µm size class is more constant with depth. Such results are consistent with laboratory studies by MacIntyre et al. (2002) , who found that α in many microalgae (mostly > 2 µm) demonstrated little (< 20%) phenotypic variability; in contrast, α among cyanobacteria (< 2 µm) tended to decline with increasing irradiance. Those authors attribute such changes to plasticity in the phycobiliprotein to chl a ratio. The initial slope α is proportional to the chl a specific light absorption coefficient (a chl ), which varies among species owing to different pigment compositions and packaging effects. Since phycobiliproteins dominate light absorption in the cyanobacteria, and phycobiliprotein to chl a ratios decrease with increasing irradiance (Kana et al. 1988 , Moore et al. 1995 , a chl in the cyanobacteria would be expected to decline with increasing irradiance. Thus, the observed increase in α in the 0.2 to 2 µm size fraction in the lower euphotic zone could be explained by higher phycobiliprotein to chl a ratios among the picocyanobacteria, which dominate the phytoplankton community at Station ALOHA. Moreover, depth-dependent changes in phytoplankton community structure, such as those accompanying the transition between vertically separated and physiologically distinct ecotypes of Prochlorococcus (Moore et al. 1995 , Malmstrom et al. 2010 , could also control the observed vertical differences in α.
In conclusion, our research suggests that different size classes of phytoplankton demonstrate significant temporal and vertical variability in photophysiology in the oligotrophic NPSG. Our findings revealed large variability in photosynthesis associated with larger phytoplankton assemblages, which provide potential insight into processes controlling the formation of large-celled phytoplankton blooms in the NPSG (White et al. 2007 , Dore et al. 2008 , Fong et al. 2008 , Wilson et al. 2008 . However, the specific factors controlling variability in the efficiency of carbon fixation remain unclear, as do the mechanisms that permit larger sized phytoplankton cells to accumulate during summertime bloom events. Future studies focused on defining processes that underlie the apparent decoupling in cell removal (e.g. predation, sinking or viral attack) from those that enhance phytoplankton growth and the efficiency of carbon fixation would help lend additional mechanistic insight into the dynamics underlying observations from this study. 
